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RECONFIGURABLE ELECTROMAGNETIC
SURFACE OF PIXELATED METAL PATCHES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s related to U.S. patent application Ser.
No. 13/737,441, filed Jan. 9, 2013, and 1s related to and
claims prionity to U.S. Provisional Patent Application Ser.

No. 61/940,070, filed Feb. 14, 2014, which are incorporated
herein as though set forth 1n full.

TECHNICAL FIELD

This disclosure relates to reconfigurable electro-magnetic
(EM) apertures and 1n particular to pixelated reconfigurable
antennas.

BACKGROUND

Reconfigurability of an electro-magnetic (EM) surface 1s
often desired when a variety of RF functions are needed and
there 1s a space or weight limitation at the location on which
the electromagnetic structure 1s to be mounted. Reconfigu-
rability of an EM surface can also save assembly time and
material costs of having to swap out RF apertures when a
new RF application 1s needed.

J. D. Wolim N. P. Lower, L. M Paulsen, J. P. Doene, and
1. B. West describe, 1n “Reconfigurable radio frequency (RF)
surface with optical bias for RF antenna and RF circuit
applications™, U.S. Pat. No. 7,965,249, issued Jun. 21, 2011,
a reconligurable antenna with optical actuation of photocon-
ductive switches between small metallic patches forming a
pixelated surface. Light emitting diodes (LEDs) are used to
actuate the photoconductive switches, which has the disad-
vantage ol requiring constant power mput to drive the
LED’s to keep the switches closed. In a large EM structure
very high power would be required. Lacking in the descrip-
tion 1s any teaching on what happens to an RF feed when the
antenna 1s reconfigured

L. Zhouyuan, D. Rodrigo, L. Joire, and B. A. Cetiner, in
“A new class of antenna array with a reconfigurable element
tactor,” IEEE Trans. Antenna Propagation., Vol. 61, No. 4,
Apnl 2103, pp. 1947-1955 describe a reconfigurable ele-
ment that uses a parasitic pixel array of small metallic
patches which are reconfigured using switches to provide
beam steering or polarization switching. A non-reconfigu-
rable patch antenna i1s used as the driver for the parasitic
pixels, which limits the bandwidth to the patch size.

Other examples of pixelated structures for reconfigurable
antennas are described by E. K. Walton, and B. G. Mont-
gomery, 1n “Reconfigurable antenna using addressable pixel
pistons,” U.S. Pat. No. 7,561,109, 1ssued Jul. 14, 2009; E.
Rodrigo and L. Joire, in “Frequency and radiation pattern
reconfigurability of a multi-size pixel antenna,” IEEE Trans.

Antenna Propagation., Vol. 60, No. 5, May 2012, pp. 2219-
2225 and A. 5. Besoli and F. De Flaviis, in “A multifunction
reconfigurable pixeled antenna using MEMS Technology on
printed circuit board,” IEEE Trans. Antennas and Propaga-
tion, Vol. 59, No. 12, December 2011. However, all of these
use mechanical or electronic switches which require a
complicated and RF degrading direct current (DC) bias
network.

What 1s needed 1s an improved reconfigurable electro-
magnetic surface. The embodiments of the present disclo-
sure answer these and other needs.
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2
SUMMARY

In a first embodiment disclosed herein, a reconfigurable
clectro-magnetic tile comprises a laser layer comprising a
plurality of lasers, and a pixelated surface comprising a
plurality of metal patches and a plurality of switches,
wherein each respective switch of the plurality of switches
1s 1n a gap between a first respective metal patch and a
second respective metal patch, wherein each respective
switch 1s optically coupled to at least one respective laser of
the plurality of lasers, wherein each switch of the plurality
of switches comprises a phase change material, wherein the
phase change material of a respective switch changes from
a non-conducting state to a conducting state when the
coupled respective laser lases a first power density of light
on the phase change material of the respective switch, and
wherein the phase change material of a respective switch
changes from a conducting state to a non-conducting state
when the coupled respective laser lases a second power
density of light on the phase change material of the respec-
tive switch.

In another embodiment disclosed herein, a method of
providing a reconfigurable electro-magnetic tile comprises
providing a laser layer comprising a plurality of lasers, and
providing a pixelated surface comprising a plurality of metal
patches and a plurality of switches, wherein each respective
switch of the plurality of switches 1s 1n a gap between a first
respective metal patch and a second respective metal patch,
wherein each respective switch 1s optically coupled to at
least one respective laser of the plurality of lasers, wherein
cach switch of the plurality of switches comprises a phase
change material, wherein the phase change material of a
respective switch changes from a non-conducting state to a
conducting state when the coupled respective laser lases a
first power density of light on the phase change material of
the respective switch, and wherein the phase change material
ol a respective switch changes from a conducting state to a
non-conducting state when the coupled respective laser lases
a second power density of light on the phase change material
of the respective switch.

These and other features and advantages will become
further apparent from the detailed description and accom-
panying FIG.s that follow. In the FIG.s and description,
numerals indicate the various features, like numerals refer-
ring to like features throughout both the drawings and the
description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows a reconfigurable electromagnetic pixelated
surface tile, and FIG. 1B shows a detail of switches between
metal patches 1n accordance with the present disclosure;

FIG. 2 shows an octagon pixel array on a face of a
reconfigurable tile in accordance with the present disclosure;

FIG. 3 shows a graph of an approximate number of pixels
in the resonant length dimension for a square patch antenna
in accordance with the present disclosure;

FIGS. 4A, 4B and 4C show an example of how the
pixelated tile can be reconfigured to accommodate patch
clements as the frequency increases from 1, to 1, and from 1,
to 1, 1n accordance with the present disclosure;

FIG. 5A shows the reflection coeflicient into the antenna
for simulations of a pixelated tile configured as a patch
antenna and then reconfigured 1n size to three different
operational frequencies centered at 8.38, 9.2, and 10.1 GHz,
and FIG. 5B shows the corresponding antenna patterns in
accordance with the present disclosure;
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FIG. 6 A shows a measured radio frequency (RF) loss of
GeTe switches up to 12 GHz, FIG. 6B shows 4 switches

connecting 4 pixels, FIG. 6C shows simulated single pole
tour throw (SP4T) RF switches in terms ot different C_ -with
R,, 01050 and R /R, ratio of 10*, and FIG. 6D shows a
simple equivalent circuit model of Gele RF switches with
PCM resistance and C_ - 1n parallel in accordance with the
present disclosure;

FIGS. 7A, 7B, 7C and 7D compare the RF performance
for using DC bias lines for actuation of switches to using
optical actuation of switches 1n accordance with the present
disclosure;:

FIG. 8 A shows a layout of an array of multi-mode vertical
cavity surface emitting lasers (VCSELs) and FIG. 8B shows
an output optical power and power conversion efliciency 1n
accordance with the prior art;

FIG. 9 shows a plan view of a VCSEL array layout that
may be used to actuate PCM switches around four pixels in
accordance with the present disclosure;

FIG. 10 shows an absorption spectrum of Gele PCM
material showing an absorption depth of 300 to 500 nm at
wavelengths of 950 to 980 nm in accordance with the prior
art;

FIG. 11 shows an example of a control and driver network
for 1250 VCSELS 1n accordance with the present disclosure;
and

FIG. 12 shows an example of an extension of the control/
driver network of FIG. 11 for 16 reconfigurable tiles 1n
accordance with the present disclosure.

DETAILED DESCRIPTION

In the following description, numerous specific details are
set forth to clearly describe various specific embodiments
disclosed herein. One skilled in the art, however, will
understand that the presently claimed present disclosure may
be practiced without all of the specific details discussed
below. In other instances, well known features have not been
described so as not to obscure the present disclosure.

The present disclosure describes an electromagnetic (EM)
tile 10, as shown 1n FIG. 1A, whose top surface consists of
a two dimensional periodic array ol metal patches 32
separated by small gaps such that the period 1s much smaller
than a wavelength at any frequency of interest. Within each
gap between metal tiles 32 1s a switch 34 which, when
activated, electrically connects the two metal patches 32 that
straddle the gap. Connection of various metal patches 32
through actuation of the switches 34 1n the gaps between the
metal patches effectively creates larger conductive structures
which can form the basis of antennas, transmission line, and
frequency selective surfaces. By selecting specific switches
34, clectromagnetic structures can be configured, and then
by changing states of the switches 34, reconfigured to
another electromagnetic structure. The tile 10 can also be
part of an array of tiles 10 to create larger electromagnetic
structures. An individual tile 10 or an array of tiles can be
reconfigured for a multitude of electromagnetic functions,
such as frequency tuned transmit or receive arrays, beam
steering, tuned frequency selective surfaces, and transmis-
s10n line circuits for routing, filtering, and impedance match-
ing. The small metal patches 32 and the switches 34 can be
considered to make a pixelated reconfigurable electromag-
netic surface. In this disclosure, the switches 34 are actuated
using optical signals from lasers (light amplification by
stimulated emission of radiation) 1n a vertical cavity surface
emitting laser (VCSEL) array 14. The optically actuated
switches 34 are preferably fabricated from Phase Change
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Matenial (PCM), because PCM 1s bi-stable and can be set
into either a conductive or a non-conductive state. Once set,
the optical actuation signal can be removed and the PCM
will stay 1n the state to which it was set.

An mtegrated reconfigurable electromagnetic tile 10 has
radio frequency (RF) and optical layers with interconnecting
RF feed lines 16 that can be placed with other reconfigurable
clectromagnetic tiles 10 to form a larger reconfigurable
clectromagnetic surface. The electromagnetic pixelated tile
10 has metallic patches 32, which have dimensions that are
much smaller than a wavelength for a desired radio fre-
quency of operation. Each metal patch 32 may be considered
a pixel 32 1n the electromagnetic pixelated tile 10. There are
a limited number, much less than the number of pixels 32,
ol non-reconfigurable RF feed structures 16 which connect
transmit/recerve modules 12 to the pixelated surface for RF
feeding of the various electromagnetic structures. An RF
switch fabric has a PCM switch matrix of PCM switches 34
between the pixels 32 with an overlaying fine granulated
array ol sub-wavelength metallic pixels 32. The RF switches
34 allow the electromagnetic pixelated tile 10 to be recon-
figured into a multitude of electromagnetic functions. The
RF switches 34 can be optically actuated and reset using a
VCSEL array 14. The vertical-cavity surface-emitting laser
(VCSEL) array 14 has an array of semiconductor laser
diodes with laser beam emissions perpendicular from the top
surface, rather than conventional edge-emitting semicon-
ductor lasers. Because VCSELs emit the beam perpendicu-
lar to the active region of the laser as opposed to parallel as
with an edge ematter, an array of VCSELSs can be processed
simultaneously, such as on a Gallium Arsenide wafer. A
control network, examples of which are shown 1n FIGS. 11
and 12, supplies pulsed or CW current to specific lasers 1n
the VCSEL array 14 to reconfigure the tile 10 function. A
multilayer electromagnetic bandgap structure forms a wide-
band multilayer ground plane 22 to cover the frequencies of
operation of the pixelated tile 10.

Some advantages of present disclosure are a switch fabric
with PCM switches 34 that latch so that no standby power
1s needed, on state resistance as low as ~0.3€2, enabling low
RF loss (~0.1 dB), fast switching—RF switch speed figure-
of-merit (1/(2nRonCofl)) of 20 THz, high on/off ratio—10*
which provides high i1solation (~20 dB), ultra-linearity
IP3~70 dBm, high power handling—10 W, and robust-
ness—only need a passivation layer. In the prior art using
semiconductor and RF MEMS switches, bias lines are
required for actuation resulting in significant electromag-
netic mterference. RF MEMS switches and MEMS piston
switches are mechanical and may require hermetic packag-
ing for robustness, semiconductor and MEMS switches
usually require constant source application, and thus standby
power. Furthermore, semiconductor and some material
based switches may be nonlinear under high power trans-
mission.

The reconfigurable pixelated surface tile 30 may have
reconfigurable non-driven antenna elements and other cir-
cuits between driven antenna elements of the array. Elec-
tromagnetic coupling between the driven and non-driven
clements allows a grating lobe free beam scan, because the
driven and coupled elements can have >A/2 spacing. This
allows reduction o1 T/R module count by factor of 4 or more.
Reconfiguration occurs only on one surface and non-recon-
figurable RF feed lines simplily integration. Sub-wavelength
pixels allow frequency reconfigurability and beam scanning.

In the prior art, conventional arrays use a transmit/receive
(I/R) module per radiation element for maximum scan
angles. Reconfiguration of antenna elements requires recon-




US 9,972,905 B2

S

figurable RF feeds to prevent grating lobes. Some switch
technologies may require larger pixels and thus reduce the
ability to fine tune frequency or beam scanning.

The ultratast optical actuation of the switches 34 by
VCSEL array 14 has the following advantages. Laser bias
lines are below the wideband multilayer ground plane 22,
which shields the patches 32 from any radio frequency (RF)
interference from the potentially thousands of control lines
tor the lasers. Energy 1s focused and the switches can turn on
and off 1n ~10 ns to 100 ns, because separate heater elements
with their associated thermal time constant are not required.
Also, laser array actuation of the PCM switches 34 1s very
power eflicient compared to light emitting diode (LED)
actuation of photo conductive switches, which would
require constant power.

In the present disclosure a wideband multilayer ground
plane 22 can change the effective antenna array ground plane
location with frequency, which mitigates the change 1n
bandwidth (BW) vs. frequency. The use of a non-reconfigu-
rable ground plane but wideband ground plane 22 simplifies
integration. In the prior art, use of a single metallic ground
plane causes the array bandwidth to vary with frequency. A
disadvantage of a reconfigurable ground plane 1s that
switches would be needed 1n the ground plane layer.

In the present disclosure, heterogeneous water integration
may be used to form tiles with micron level control of
proximity and alignment. The water scale integrated micro-
system takes advantage of the inherent accuracy of micro-
tabrication methods for patterning, bonding and thinning to
construct the tiles. Parallel fabrication of sub-tiles allows
independent optimization of sub-layer functions, e.g., PCM
switches 34, VCSELS 14 and micro lenses 20 and 26 prior
to integration. A non-integrated approach for optics would
require a much larger system and more power, and a
component assembly approach would not provide the align-
ment accuracy required to focus optical power, have higher
power consumption, and would be less eflicient.

FIG. 1A shows a preferred embodiment of the present
disclosure. The following describes each layer in FIG. 1A,
starting from the bottom of FIG. 1A.

The bottom layer has transmit/recerve T/R modules 12
that condition the RF signal for transmitting and receiving.
These T/R modules 12 typically consist of power amplifiers,
low-noise amplifiers, mixers, phase shifters, switches, and
circulators. Fewer of the T/R modules 12 are required over
prior art approaches, because reconfigurability of the surface
pixels 32 means that non-driven element tuning can be used
to do beam steering, impedance matching, filtering, efc.

The next layer up 1s the array of vertical cavity surface
emitting lasers (VCSELSs) 14. These lasers 14 provide the
controlling optical signal that actuate or reset the switches
34 between each pixel 32 of the tile 10. There are one or
more lasers 14 for each pixel 32. Each VCSEL 14 has
control electronics, examples of which are shown 1n FIGS.
11 and 12, to allow each laser 14 to independently operate
at up to two different maximum power levels and have
control of the shut-off waveform. The VCSEL array 14 can
be obtained as a custom product from commercial vendors,
for example, Princeton Optronics, Inc., 1 Electronics Drive
Mercerville, N.J. 08619.

In order to focus the light from the VCSELs at the
reconiigurable surface, one or more micro lens arrays are
used. If more than one micro lens array 1s used, then the lens
layers may not be contiguous and may appear at diflerent
level layers in the tile, such as shown in FIG. 1A, where a
collimating lens array 20 1s just above the VCSEL array 14
and a focusing lens array 26 1s located just below the
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reconfigurable pixelated surface tile 30. Such micro lens
arrays can be obtained as a custom product from commercial
vendors, such as Jenoptik AG, Carl-Zeiss-Strasse 107739
Jena, Germany.

The RF non-reconfigurable ground plane 22 has small
holes 23 or pin holes having a diameter much less than an
RF wavelength for a desired radio frequency of operation, to
allow transmission of light from the lasers 14. Since the
ground plane 22 i1s non-reconfigurable, in order to cover a
wide bandwidth, the ground plane 22 has a multiple-layer
frequency selective reflector, which 1s well known to per-
sons skilled 1n the art. A multiple-layer frequency selective
reflector 1s a frequency selective surface and may consist of
arrays ol conducting elements on or between layers of
dielectric substrates with band pass or band stop character-
istics. Reference [1] below describes one example of such a
multiple-layer frequency selective retlector, and 1s 1ncorpo-
rated herein as though set forth 1n full. The ground plane 22
may also be connected to an overall system ground.

A substrate 24 may be between the ground plane 22 and
the micro lens layer 26. The substrate should be optically
transparent to allow the optical switch actuation signals to be
transmitted through the substrate with minmimum attenuation.
The substrate 24 may be glass, fused silica, quartz, air, or
other optically transparent plastics. Also, for VCSELs 14
that operate 1n the inifrared spectrum, other substrates, such
as GaAs could be used.

The pixelated surface tile 30 1s the layer that consists of
an arrangement of metal patches 32 and switches 34. The
metal patches 32 may be various shapes including square,
rectangular or octagonal, of dimension much less than a
wavelength. The pixelated surface tile 30 has a substrate
with the metal patches 32 and switch 34 on the substrate.
The substrate for reconfigurable pixelated surface tile 30
may also be optically transparent for transmission of the
optical switch actuation signals. The switches 34 are 1n the
gaps between the patches 32, and are preferably of phase
change material (PCM). These PCM switches 34 are directly
above one or more VCSELS 14 such that the light from a
VCSEL 14 1s focused upon the PCM matenal 34. A close-up
detail of a few patches 32 and PCM switches 34 1s shown 1n
the FIG. 1B. A metallic patch 32 plus one-half of each gap
surrounding the patch 32 can be considered a pixel in the
reconfigurable pixelated surface tile 30.

RF 1nput lines 16 connect the transmit/receive module
layer 12 to a patch 32 on the reconfigurable pixelated surface
tile 30. The number of RF lines 1s dependent upon the
minimum and maximum Irequencies of operation, the tile
s1ze, and the resolution obtainable from the pixels. Once the
number of RF lines are determined for an application, the RF
input lines 16 are non-reconfigurable. An RF signal can be
connected to a reconfigurable EM structure on the recon-
figurable pixelated surface tile 30 by configuring a trans-
mission line from the patch 32 to which an RF input line 16
1s connected by appropriate actuation of the PCM switches
34. In addition, non-reconfigurable RF ground lines 25 may
be fabricated from the RF ground plane 22 to a patch on the
reconfigurable pixelated surface tile 30. These ground lines
could serve as an RF ground for reconfigurable transmission
line elements on the reconfigurable pixelated surface tile 30.

Further details of the component pieces of the present
disclosure are described below.

The shape and the inter-pixel gap dimension for the pixels
are 1mportant design parameters for the RF coupling and/or
isolation between pixels 32 and the distributed PCM
switch’s 34 aspect ratio, which directly translates to the
switch’s equivalent resistance. Narrower inter-pixel gaps
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lead to lower required optical actuation power for the PCM
switches; however, this may also result in an increase 1n the
RF coupling that may degrade the phased array perfor-
mance.

An example octagonal patches 32 with spaces 33 between
them and PCM switches 34 1s shown m FIG. 2. The
octagonal patches 32 allow narrow inter-pixel gaps between
the patches 32 with an aspect ratio of 40:1, which reduces
the capacitive RF coupling between pixels or patches 32. An
aspect ratio of 40:1 means that the gap width 36 between the
neighboring patches 32 is V40™ of the length 38 of the PCM
switch 34 in contact with the patch 32.

The number of pixels 1n a tile 1s determined by the lowest
frequency of interest, while the size of the pixel 1s deter-
mined by the tuning resolution needed at the high frequency
end.

In one example, a reconfigurable surface tile with a glass
substrate 24 with an array of 25x235 pixels, with each patch
or pixel 32 1.5 mm square with PCM switches 34 that have
a 5 um width 36 and a 200 um length 38, could be used to
create patch antennas tunable from 2 GHz (5-band) to 12
GHz (X-band). The mimmimum number of pixels or patches
32 required for this example from 2 GHz (S-band) to 12
GHz (X-band) 1s shown 1n the graph of FIG. 3.

FIGS. 4A, 4B and 4C show an example of how the
patches 32 in the reconfigurable pixelated surface tile 30 can
be reconfigured as the frequency increases from 1, to 1, and
from 1, to t;. In FIGS. 4A, 4B and 4C, there are only 4 RF
teeds points 40 located around the edges of the tile 10. Each
feed point 40 may be connected to one pixel 32. In FIG. 4A
for 1,, the PCM switches 34 are configured to form only one
patch 42. In FIG. 4B for 1,, the PCM switches 34 are
configured to form three patches 42, each one connected to
an RF feed point 40. In FI1G. 4C for 1;, the PCM switches 34
are configured to form four patches 42 and five non-driven
antenna elements 44. The four patches 42 are each con-
nected to an RF feed point 40, while the five non-driven
antenna elements 44 are not connected to an RF feed point
40.

Note that at 1, as shown 1n FIG. 4C, the top row of the
3x3 pixel array extends beyond the reconfigurable pixelated
surface tile 30 1into a next tile. At frequency {1,, electro-
magnetic coupling between driven patches 42 and non-
driven elements 44 are used to suppress grating lobes at all
scan angles, and to maintain a low VSWR.

In FIG. SA, a single pixelated patch antenna was simu-
lated to be reconfigured for operation at frequencies 8.38,
9.2 and 10.1 GHz through three transformations of the
switches 34 to change the antenna patch geometry. A single
fixed RF feed point was used. FIG. 5A shows graphs 50, 52
and 54 for the retlection coeflicient S, 1nto the antenna for
the three configurations. FIG. 5B shows the far-field patterns
56, 58 and 59 for the three configurations. The PCM switch
34 on and off sheet resistances were assumed to be 100
(2/square and 1000 k€2/square.

In the configuration of FIG. 3B centered at 10.1 GHz, the
simulated efliciency 1s approximately 80% of that of a
nonreconfigurable antenna with the same geometry. 10% of
the difference 1n the efliciency 1s mainly due to the RF loss
contributed by the PCM switches 34 interconnecting the
patches or pixels 32. Other types of planar antennas can also
be configured with a reconfigurable pixelated surtace tile 30,
such as dipole, bow-tie, fragmented, and fractal antennas.

As discussed above with reference to FIG. 1A, the ground
plane 22 1s not reconfigurable. Because the optimum per-
formance of the EM structure, such as impedance match and
radiation gain, depends upon the thickness between the
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structure and the ground plane, 1t 1s necessary that this
cllective difference varies as the operational frequency
changes. This can be accomplished by using multiple levels
of frequency selective surfaces for the ground plane 22,
which are described in Reference [1] below.

The phase change material (PCM) switches 34 have a
known property that if the PCM matenial 1s heated to one
temperature, approximately 300° C. and cooled in a con-
trolled manner, the material will crystallize and become
conductive. If the PCM material 1s heated to a higher
temperature, approximately 700° C., and then rapidly
quenched 1t will become amorphous and non-conducting.
Thus the switches 34 1n the pixelated surface can be actuated
and reset by this temperature control. The preferred PCM
switch 34 for this present disclosure 1s fabricated from
germanium-telluride (GeTe) doped chalcogenide glass.
Chalcogenide glass a glass containing one or more chalco-
genide elements. Chalcogenide compounds are widely used
in rewritable optical disks and phase-change memory
devices and by applying heat, they can be switched between
an amorphous and a crystalline state, thereby changing their
optical and electrical properties and allowing the storage of
information. An application for phase change material 1s
turther described in U.S. patent application Ser. No. 13/737,
441, filed Jan. 9, 2013, which 1s incorporated herein as
though set forth i tull.

The PCM material 34 1s fabricated to lie within the gaps
of the metallic patches 32 such that when actuated into the
on state, the switch 34 would provide a low resistance bridge
between two patches, thus effectively connecting them elec-
trically. In this way, actuation ol particular patterns of
switches 34 by combining various pixels or patches 32 1s
what creates the reconfigurable planar EM structures such as
antennas, transmaission lines, or frequency selective surfaces.

An example of how the PCM switches 34 is placed 1n the
gaps between the metallic patches 32 1s shown in FIG. 6B.
FIG. 6D shows a simple equivalent circuit model of a Gele
PCM switch 34 with a resistor 60 and a capacitor C_,62 1n
parallel.

FIG. 6 A shows the measured RF 1nsertion loss for a GeTe
PCM switch 34 up to 12 GHz. The msertion loss 1s ~0.1 dB
up to 12 GHz with an on-state resistance, R_ ot 1€2. FIG. 6C
shows the simulated insertion loss and 1solation for an
example Gele SP4T switch 34. An msertion loss of <0.1 dB
1s feasible with R, 01 <0.5Q, and R /R, ratio of 10*. This
low level of on-state resistance 1s feasible using a PCM
switch 34 with a geometry of 5 um 1 width 36 and 200 to
400 um 1n length 38. Such a switch 34 1s compatible with
VCSEL actuation. With an off-state capacitance C_ o0t 10 F,
the RF 1solation can be maintained as high as 25 dB.

The PCM switches 34 can be actuated by placing small
heating elements near the switch instead of using optical
actuation. However, the bias network for the heating ele-
ments would seriously degrade the RF performance of the
reconfigurable EM structure. This can be seen 1 FIG. 7A,
which shows the results 64, 65 and 66 for a stmulation of the
reference microstrip line of FIG. 7B, the PCM switch with
optical actuation of FIG. 7C, and the PCM switch with bias
lines for heating of FIG. 7D, respectively. A 2-mm-thick
glass substrate having a dielectric constant (&<,) of 5.5 was
used for the simulation. The simulation demonstrates the
significant degradation in RF performance for two pixels
with a gap of 5 um between two i1dentical 10 mm long
microstrip lines. In the simulation, the PCM switches 34 had
an on-state sheet resistance of 100 ohms/square. For the case
of the switches requiring the bias lines, as shown in FIG. 7C,
the electromagnetic model includes wire lines with a resistor
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representing a heater grid below each PCM switch locations.
Comparison of the insertion loss S21 parameter of the
configuration of FIG. 7D clearly shows that the RF trans-
mission along the microstrip line starts to degrade at 2 GHz
and becomes huge toward the higher frequencies in the
presence of the bias lines, whereas the case with no bias
lines, as shown in FIG. 7C, which 1s the optical actuation
approach of the present disclosure, shows no degradation 1n
the RF performance in comparison to the reference
microstrip line shown in FIG. 7B. The near-field plots along,
the microstrip line, as shown 1n FIGS. 7A, 7B and 7C, also
clearly demonstrate the attenuated electromagnetic fields 1n
FIG. 7D compared to FIGS. 7B and 7C. The attenuated
clectromagnetic fields i FIG. 7D are caused by the bias
lines below the pixels.

The optical actuation of this disclosure eliminates the
need for bias lines for heater grids. Optical actuation of the
PCM switches 34 starts from a corresponding array of
focused high power vertical cavity surface emitting lasers
(VCSEL) 14, as shown 1 FIG. 1A. Optical actuation of
phase change material (PCM) 1s already used for consumer
rewritable DVDs (DVD+RW) and Blue-Ray disks ifor
dynamic optical storage, and as such, 1s a fairly mature
technology, which 1s described in Retferences [2] and [3]
below. In these applications, pulsed red (650 to 660 nm) and
UV-blue (400 to 450 nm) laser diodes with focused difirac-
tion-limited spots (0.4 to 0.6 um) are used to actuate the
PCM material in DVD and Blue-Ray disks, respectively, and
change its optical retlectivity for readout. The corresponding
write and erase optical power densities are on the order o1 15
to 30 mW/um” for 10 to 50 ns pulse durations. For DVDs,
a single laser 1s used and the DVD 1s rotated mechanically
while the laser moves radially along the DVD to perform the
read and write functions. In the original state, the recording,
layer of a DVD 1s polycrystalline. During writing a focused
laser beam selectively heat areas of phase change material
above the melting temperature, so that all the atoms 1n the
area can move rapidly to a liquid state. Then, when cooled,
the random liquid state 1s “frozen in” and the so-called
amorphous state 1s obtained. If the phase change layer is
heated below the melting temperature but above the crys-
talline temperature for a suflicient time, the atoms revert
back to an ordered state, 1.e. the crystalline state.

In the present disclosure, there 1s an array of lasers 14
such that each PCM switch 34 1s 1n a one-to-one correspon-
dence with a laser. Vertical cavity surface emitting lasers
(VCSELs) 14 are preferred for actuating the switches 34
because they can transmit an optical beam 18, as shown in
FI1G. 1A, normal to their substrate surface. VCSELs 14 have
high power conversion efliciencies of greater than 40%, and
are inherently capable of being arranged in a customized
two-dimensional (2D) array format. The VCSEL array, in
conjunction with a matching microlens array, can have a
suilicient optical power density to controllably change the
phase, and hence the electrical resistance, of the PCM
switches 34 in the antenna array. High-power VCSEL arrays
are also a fairly mature technology.

FIG. 8 A shows a layout of a 2D (two dimensional) array
of multi-mode VCSELSs 14, which may have a wavelength
of 976 nm. Such an array 1s described in Reference [4]
below. FIG. 8B shows the output optical power and power
conversion eiliciency for an array of multi-mode VCSELSs
14 delivering a pulse peak power of 800 W and a power
conversion efliciency of 40% at 976 nm wavelength. The
VCSEL array may be driven by a current pulse waveform
with a 250 us pulse width and about 1 A peak current for
cach VCSEL. A peak output power of about 1 W can be
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obtained with multi-mode VCSELs 14 having an emitting
aperture of 50 um and driven with 1 us or wider current pulse
wavelorms. Decreasing the current pulse width to about 200
ns can result 1n an output amplitude about S times that for a
1 us current pulse width.

The high peak output power of the pulsed multi-mode

VCSELs 14 can be used to heat the PCM material segment
34 between each radiating patch 32 of the reconfigurable
pixelated surface tile 30 and hence switch its phase and
electrical resistance. For GeTe-based PMC material 34, a
power density of about 2 mW/um* at a pulse width of 700
ns 1s required to change its initial amorphous phase into
polycrystalline, as described 1n References [5], [6] and [7]
below, resulting 1n more than three orders of magmtude
reduction 1n 1ts electrical resistivity. A power density of
about twice this value 1s required to reverse the PCM 34 to
its amorphous phase. These optical power density levels
increase as the pulse width 1s decreased. For example, power
densities on the order of 15 to 30 mW/um~ at 10 to 50 ns
pulse widths are currently used for DVD write and erase
cycles.

In order to get enough optical power to create a high
enough temperature i a given PCM switch 34 to set or reset
the switch state, it may be necessary to focus each optical
beam 18 to a small spot on that PCM switch 34, which can
be performed using a focusing micro-lens array. Multiple
VCSELs 14 may be used to actuate a single PCM switch by
using multiple multi-mode VCSELSs 15 1n a linear segment,
as shown 1n FIG. 9. FIG. 9 shows a plan view of the VCSEL
array layout 14 that may be used to actuate PCM switches
around four pixels. In FIG. 9, the VCSEL layout 14 follows
the grid of gaps between patches 32 1n the reconfigurable
pixelated surface tile 30. Each of the linear segments shown
in FIG. 9 consists of a linear arrangement of oval-shaped.,
multi-mode VCSELs 15 with dimensions that can range
from 25 to 50 um along the short axis, and from 30 to 100
um along the long axis, with a gap of 5 to 10 um between
consecutive emitting elements 135.

VCSELs 14 are most eflicient at wavelengths longer than
950 nm because of the optical gain achievable in the
quantum-well structures used. Fortunately, light emitted 1n
the wavelength range of 950 to 980 nm 1s within the
absorption band of the GeTe PCM matenal, as shown 1n
FIG. 10. The absorption coeflicient at 950 to 980 nm
wavelengths (1.27 to 1.31 €V) is about 2 to 3x10* cm™, as
described in Reference [5] below, resulting 1n an absorption
depth of about 300 to 500 nm.

In order to concentrate the output power of the multi-
mode VCSEL array 14 onto the PCM switch array 34, a set
of two custom-designed microlens arrays i1s placed 1n
between the VCSELs 14 and the reconfigurable pixelated
surface tile 30, as shown 1n FIG. 1A. The first microlens
array 20 1s placed close to the VCSEL array 14 at 1ts focal
length 1n order to collimate the diverging light emitted from
the VCSELs 14. The focusing microlens array 26, positioned
close to the reconfigurable pixelated surface tile 30, focuses
the collimated light beams emanating from the first set of
microlenses 20 onto the corresponding PCM switches 34 in
between the metallic patches 32. A focusing microlens 26
diameter and focal length of 50 um and 100 um, respectively
(I-number=2), for example, results 1 a spot size d, of about
4 um on the PCM switch at 1 um wavelength (d,=21A/D,
where 1 1s the focal length and D is the aperture of the
microlens. This spot size corresponds well with the 5 um
width 36 of the PCM switch 34 1n the example layout of
FIG. 2.
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Using the microlens design to focus each 25 um aperture
VCSEL 14 with a peak output power of about 1 W driven at
a pulse width of 200 ns or less, may result 1n an optical
power density of more than 50 mW/um” incident on the
PCM switch 34. This power density level 1s more than
enough to switch the phase of the PMC even at shorter pulse
widths. The electrical resistivity of Gele PCM material 1s
typically about 3x107° Q'm in the polycrystalline phase, and
4 to 5 orders of magnitude higher in 1ts amorphous phase, as
described 1in U.S. patent application Ser. No. 13/737,441,
filed Jan. 9, 2013. For a PCM thickness of 500 nm, which 1s
within the absorption depth of 950 nm wavelength light, the
electrical resistance of a 5x10 um~ crystallized segment
formed by a focused 25x50 um* multi-mode VCSEL ele-
ment 14 1s about 3£2. Multiple lasers 15, as shown 1n FIG.
9, focusing along a single PCM switch 34 would lower the
resistance by the number of lasers 15.

The VCSEL arrays 14 used to optically activate the PCM
switches 34 1n each reconfigurable pixelated surface tile 30
require appropriate control and drive electronic circuitry. An
example of a laser driver switch matrix system suflicient to
provide current pulse outputs to 1250 VCSELS 14 within 1
milliseconds 1s shown in FIG. 11. The VCSELs 14 may be
grouped nto blocks of 125 units, each to be addressed 1n
parallel. Each unit will require: a laser driver 70 with on/off
control, pulse width control, and current level control; and a
1:125 high-speed switch matrix 78 capable of directing the
laser driver output sequentially to 125 positions in the tile.
The laser drive circuit 70 has ten laser driver/switch matrix
subsystems, associated buflers and a field programmable
gate array (FPGA) control 72 to facilitate simultaneous
operation of the ten laser drivers 1n parallel, with individual
laser driver configuration control. The relative output posi-
tion from each switch matrix 78 will be the same for each of
the ten laser units 1n the tile, as the switch matrices are
driven 1n parallel through 1:10 distribution buflers 76 and
FPGA control 74. Thus, 125 FPGA outputs may be applied
to 1250 switches 34. Ten 10 FPGA control lines 73 are
required for laser on/ofl control and 10 FPGA lines 75 are
required for laser driver current control. One FPGA line 77
1s required to set all laser drivers to either slow or fast.

An example of an extension of this approach to a larger
tile or to multiple tiles 1s shown 1n FIG. 12. In this example,
the network drives 16 pixelated tiles, each with 1250
VCSELs. This extension 1s done simply by inserting 1:16
distribution buflters 76 and switch matrices 78, as shown 1n
FIG. 12. The FPGA control mechanism 1s the same as in the
single tile example of FIG. 11, with 125 switch control and
21 laser driver control lines required. It would be obvious to
one skilled mn the art to modily this network for other
numbers of VCSELs to be controlled within a pixelated tile.

References [1]-[7] below are incorporated herein as

though set forth 1n full.

[1]. Su, T.; L1, C. Y.; He, M.; Chen, R. S., “A numerically
ciiicient transmission characteristics analysis of finite
planar Frequency-Selective Surfaces embedded in strati-
filed medium,” Microwave and Millimeter Wave Technol-
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of Applied Physics, vol. 99, p. 103508, 2006.
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Having now described the present disclosure in accor-

dance with the requirements of the patent statutes, those
skilled 1n this art will understand how to make changes and
modifications to the present invention to meet their specific
requirements or conditions. Such changes and modifications
may be made without departing from the scope and spirit of
the present disclosure as disclosed herein.

The foregoing Detailed Description of exemplary and
preferred embodiments 1s presented for purposes of illus-
tration and disclosure 1n accordance with the requirements
of the law. It 1s not intended to be exhaustive nor to limait the
present disclosure to the precise form(s) described, but only
to enable others skilled in the art to understand how the
present disclosure may be suited for a particular use or
implementation. The possibility of modifications and varia-
tions will be apparent to practitioners skilled in the art. No
limitation 1s intended by the description of exemplary
embodiments which may have included tolerances, feature
dimensions, specific operating conditions, engineering
specifications, or the like, and which may vary between
implementations or with changes to the state of the art, and
no limitation should be implied therefrom. Applicant has
made this disclosure with respect to the current state of the
art, but also contemplates advancements and that adapta-
tions 1n the future may take into consideration of those
advancements, namely 1n accordance with the then current
state of the art. It 1s mtended that the scope of the present
disclosure be defined by the Claims as written and equiva-
lents as applicable. Reference to a claim element in the
singular 1s not intended to mean “one and only one” unless
explicitly so stated. Moreover, no element, component, nor
method or process step 1n this disclosure 1s mtended to be
dedicated to the public regardless of whether the element,
component, or step 1s explicitly recited 1n the Claims. No
claim element herein 1s to be construed under the provisions
of 35 U.S.C. Sec. 112, sixth paragraph, unless the element
1s expressly recited using the phrase “means for . .. ” and no
method or process step herein 1s to be construed under those
provisions unless the step, or steps, are expressly recited
using the phrase “comprising the step(s) of . . . .”

What 1s claimed 1s:

1. A reconfigurable electro-magnetic tile comprising:

a laser layer comprising a plurality of lasers, wherein the

laser layer has a height;

a pixelated surface comprising a plurality of metal patches
and a plurality of switches, wherein each respective
switch of the plurality of switches 1s 1n a gap between
a lirst respective metal patch and a second respective
metal patch; and

a ground plane between the laser layer and the pixelated
surface, wherein the ground plane i1s above the laser
layer and does not intersect any portion of the height of
the laser layer, wherein the ground plane comprises a

frequency selective surface, wherein the ground plane

has a plurality of pin holes, each pin hole extending
entirely through the ground plane, wherein each respec-
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tive pin hole allows light from at least one respective
laser of the plurality of lasers to be transmitted through
the ground plane to a respective switch, and wherein at
least one respective laser of the plurality of lasers
transmits light that passes through at least one respec-
tive pin hole;

wherein each respective switch 1s optically coupled to at
least one respective laser of the plurality of lasers;

wherein each switch of the plurality of switches com-
prises a phase change matenal;

wherein the phase change material of a respective switch
changes from a non-conducting state to a conducting
state when the coupled respective laser lases a first
power density of light on the phase change material of
the respective switch; and

wherein the phase change material of a respective switch
changes from a conducting state to a non-conducting
state when the coupled respective laser lases a second
power density of light on the phase change material of
the respective switch.

2. The reconfigurable electro-magnetic tile of claim 1

wherein:

the plurality of lasers comprise a plurality of vertical
cavity surface emitting lasers (VCSELSs).

3. The reconfigurable electro-magnetic tile of claim 1

turther comprising;:

a plurality of lenses between the laser layer and the
pixelated surface;

wherein each respective lens of the plurality of lenses
focuses light from a respective laser onto a respective
switch.

4. The reconfigurable electro-magnetic tile of claim 3

wherein the plurality of lenses further comprise:

a collimating lens array comprising a first plurality of
micro-lenses between the laser layer and the ground
plane; and

a focusing lens array comprising a second plurality of
micro-lenses between the ground plane and the pix-
clated surface.

5. The reconfigurable electro-magnetic tile of claim 4

turther comprising:

an optically transparent substrate between the ground
plane and the focusing lens array;

wherein the optically transparent substrate comprises
glass, fused silica, quartz, an optically transparent plas-
tic, or GaAs.

6. The reconfigurable electro-magnetic tile of claim 1:

wherein the ground plane shields the pixelated surface
from radio frequency interference from control lines for
the plurality of lasers.

7. The reconfigurable electro-magnetic tile of claim 1

turther comprising:

a plurality of transmit/receive modules, each transmait/
receive module coupled by an electrical conductor to at
least one metal patch of the plurality of metal patches;

wherein the laser layer 1s between the plurality of trans-
mit/recerve modules and the pixelated surface.

8. The reconfigurable electro-magnetic tile of claim 1

wherein the phase change material comprises:
germantum-telluride (Ge'le) doped chalcogenide glass.

9. The reconfigurable electro-magnetic tile of claim 1

wherein the ground plane comprises:

a multiple-layer frequency selective retlector.

10. The reconfigurable electro-magnetic tile of claim 1

wherein the phase change material has an aspect ratio such
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that a width of the phase change material across the gap 1s
substantially less than a length of the phase change material
along the gap.
11. The reconfigurable electro-magnetic tile of claim 1
further comprising;:
a control and driver circuit for controlling and selectively
driving lasers of the plurality of lasers.
12. The reconfigurable electro-magnetic tile of claim 1
wherein the pixelated surface further comprises:
reconfigurable non-driven elements.
13. The reconfigurable electro-magnetic tile of claim 1
wherein:
the metallic patches have dimensions smaller than a
wavelength for a desired radio frequency of operation.
14. The reconfigurable electro-magnetic tile of claim 1
wherein a diameter of each pin hole 1s less than a wavelength
for a desired radio frequency of operation.
15. A method of providing a reconfigurable electro-
magnetic tile comprising:
providing a laser layer comprising a plurality of lasers,
wherein the laser layer has a height;
providing a pixelated surface comprising a plurality of
metal patches and a plurality of switches, wherein each
respective switch of the plurality of switches 1s 1n a gap
between a first respective metal patch and a second
respective metal patch; and
providing a ground plane between the laser layer and the
pixelated surface, wherein the ground plane 1s above
the laser layer and does not intersect any portion of the
height of the laser layer, wherein the ground plane
comprises a irequency selective surface, wherein the
ground plane has a plurality of pin holes, each pin hole
extending entirely through the ground plane, wherein
cach respective pin hole allows light from at least one
respective laser of the plurality of lasers to be trans-
mitted through the ground plane to a respective switch,
and wherein at least one respective laser of the plurality
of lasers transmits light that passes through at least one
respective pin hole;
wherein each respective switch 1s optically coupled to at
least one respective laser of the plurality of lasers;
wherein each switch of the plurality of switches com-
prises a phase change material;
wherein the phase change material of a respective switch
changes from a non-conducting state to a conducting
state when the coupled respective laser lases a first
power density of light on the phase change material of
the respective switch; and
wherein the phase change material of a respective switch
changes from a conducting state to a non-conducting
state when the coupled respective laser lases a second
power density of light on the phase change material of
the respective switch.
16. The method of claim 15 wherein:
the plurality of lasers comprise a plurality of vertical
cavity surface emitting lasers (VCSELSs).
17. The method of claim 15 further comprising;:
providing a plurality of lenses between the laser layer and
the pixelated surface;
wherein each respective lens of the plurality of lenses
focuses light from a respective laser onto a respective
switch.
18. The method of claim 17 wherein the plurality of lenses
further comprise:
a collimating lens array comprising a first plurality of
micro-lenses between the laser layer and the ground
plane; and
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a focusing lens array comprising a second plurality of
micro-lenses between the ground plane and the pix-
clated surface.

19. The method of claim 18 further comprising:

providing an optically transparent substrate between the
ground plane and the focusing lens array;

wherein the optically transparent substrate comprises
glass, fused silica, quartz, an optically transparent plas-

tic, or GaAs.
20. The method of claim 15:

wherein the ground plane shields the pixelated surface
from radio frequency interference from control lines for
the plurality of lasers.

21. The method of claim 15 further comprising:

providing a plurality of transmit/receive modules, each
transmit/receive module coupled by an electrical con-
ductor to at least one metal patch of the plurality of
metal patches;

wherein the laser layer 1s between the plurality of trans-
mit/receive modules and the pixelated surface.

22. The method of claim 15 wherein the phase change

material comprises:

germantum-telluride (Ge'le) doped chalcogenide glass.

16
23. The method of claim 15 wherein the ground plane

COmprises:

a multiple-layer frequency selective retlector.
24. The method of claim 15 wherein the phase change

5 material has an aspect ratio such that a width of the phase
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change matenal across the gap 1s substantially less than a
length of the phase change material along the gap.

25. The method of claim 15 further comprising:
providing a control and driver circuit for controlling and
selectively driving lasers of the plurality of lasers.
26. The method of claim 15 wherein the pixelated surface

turther comprises:

reconfigurable non-driven elements.

277. The method of claim 15 wherein:

the metallic patches have dimensions smaller than a
wavelength for a desired radio frequency of operation.

28. The method of claim 15 further comprising:

reconfiguring the pixelated surface by setting a first
plurality of the switches to a non-conducting state, and
setting a second plurality of the switches to a conduct-
ing state;

where a non-conductive state 1s a state of substantially
higher impedance than a conductive state.

29. The reconfigurable electro-magnetic tile of claim 15

wherein a diameter of each pin hole 1s less than a wavelength
5 tor a desired radio frequency ot operation.
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